We review a recent development in the theoretical understanding of the ν = 5/2 quantum Hall plateau and propose a new conformal field theory, slightly different from the Moore-Read one, to describe a new universality class of this plateau. The ground state is still given by the Pfaffian and is completely polarized, however, the elementary quasiholes are charge 1/2 anyons with abelian statistics θ = π/2, which obey complete spin-charge separation. The physical hole is represented by two such quasiholes plus a free neutral Majorana fermion. The edge spectrum of the new state is symmetric with respect to the particle-hole transformation. Finally, we find indications of a two-step phase transition between the new and the Moore-Read states, through a compressible state, which is characterized by spontaneous breaking of the charge conjugation symmetry.
I. INTRODUCTION
The nature of the first observed fractional quantum Hall (FQH) state, with even denominator of the filling factor ν = 5/2 1,2 , remains obscure more than a decade. Its collapse with the increase of the tilted field 3 suggested that its ground state might be a spin-singlet, however, this turned out to be wrong. Shortly after the first challenge of this interpretation 4 a new experiment with the ν = 5/2 FQH state 5 confirmed that its ground state is indeed spin-polarized. The first spin-singlet state for the ν = 5/2 plateau, motivated by the wrong interpretation of the tilted field experiment, was introduced by Haldane and Rezayi 6 and among other inconsistencies, turned out to be an excited state over the 331 ground state 7 ; later it was found to describe a compressible state 8, 9 at the transition between weak and strong pairing phases of the pwave BCS Hamiltonian, so that the Haldane-Rezayi state is not a true FQH state. Further numerical calculations 10 found evidence that the true ν = 5/2 state is most likely particle-hole (PH) symmetric.
The (1+1) D conformal field theory (CFT), describing the FQH edge excitations in the thermodynamic limit, has proven to be a convenient tool for analyzing the universality classes of the FQH states 7, 11, 12 . So far the most successful CFT for the ν = 5/2 FQH state has been proposed by Moore-Read (MR) 9, 13 . While the MR state seems to be relevant for the ν = 5/2 plateau, it is not particle-hole (PH) symmetric 10 . Another unexpected property of this state is that the chiral fermion parity is not well defined in its twisted sector.
In this paper we propose a new universality class for the ν = 5/2 FQH plateau, represented by the extended Pfaffian (EPf) state, which is slightly different from the MR state and should be interpreted as its PH symmetrization. We claim that a two-step second order phase transition, involving an intermediate compressible state, is possible between the two states, in which the charge conjugation symmetry is spontaneously broken; this could explain the observed "kink" in the activation experiment 2 , as well as the absence of fermion parity number in the MR state. Moreover, the EPf state, with the assumption that the energy gap in the FQH fluids has a universal component proportional to the quasihole's electric charge, was able to explain 14 the non-monotonic structure 2 of the parafermionic Hall states in the second Landau level 14 .
II. THE MOORE-READ STATE: A REVIEW
Originally, the MR ground and excited states were introduced 13 as correlators of certain operators in a CFT based on the chiral algebra u(1)⊗Ising. For example, the ground state wave function is expressed (up to the standard Gaussian exponent) as a correlator of 2N "electron operators" 7,13,15
where ϕ(z) is the neutral Majorana fermion in the Ising model and : e −i √ 2φ(z) : is the u(1) vertex exponent representing the charged component of the electron 7 , as follows
(2) This polarized state was called paired in analogy with the real space BCS type wave function expressed by the Pfaffian 7, 13 . The stress energy tensor of the MR state is a sum of the u(1) and the Ising contributions
and has a central charge c MR = 3/2. The elementary quasiholes are represented by
where σ is the chiral spin-field of the Ising model with CFT dimension 1/16 and the normal ordered exponent represents the charged component of the quasihole. The quasiholes (4) have rather peculiar properties -their electric charge Q MR q.h. = 1/4 differs from the denominator of the filling factor, they carry half-integer flux Φ MR q.h. = 1/2, so that must be created in pairs, their CFT dimension is ∆ MR q.h. = 1/8, however they obey nonabelian statistics 7, 11, 13, 16 . A recent study of the MR state in the framework of the RR states 17 , realized as coset constructions 11 , made more transparent the mechanism of clustering. In particular, the MR state is realized as a projection su (2) 
in an abelian lattice theory of the type 11, 18 (3| 1 A 1 1 A 1 ), i.e., a theory with a K-matrix and a charge vector Q
which is interpreted as removing the layer (or color) su(2) symmetry. The above pair (K, Q) uniquely determines the Chern-Simons topological theory in the bulk and the coset projection is interpreted as gauging out the su(2) 2 layer symmetry, which produces a nonabelian topological effective theory for the bulk of the FQH fluid. The quasiholes wave functions can be obtained by symmetrization 11 of the wave functions of their parent counterparts and the non-abelian statistics is understood as a result of degeneration in the space of quasihole wave functions during this process.
The chiral partition functions for a disk sample, χ l,ρ (τ, ζ) = tr
, where L 0 and J el = (Q|J 0 ) are the zero modes of the stress tensor (3) and the electric current, resp. 7, 18, 19 , representing all topologically inequivalent quasiparticles 11, 14 , can be obtained from Eq. (10) in 14 (for k = 2, M = 1, denoting by ch(Λ 0 + Λ 0 ) = χ 0 , ch(Λ 0 + Λ 1 ) = χ 1/16 and ch(Λ 1 + Λ 1 ) = χ 1/2 the Ising model characters with lowest CFT dimensions 0, 1/16 and 1/2, resp.)
where the K-functions are the u(1) chiral partition functions 7,11,14
and the Ising model characters are given by 7, 11 χ 0 (τ ) = q
The modular parameters τ , ζ are related to the inverse temperature β and the magnetic flux Φ 19 as follows 2πR Imτ = β, 2πIm ζ = βΦ (R is the radius of the edge).
The partition function for an annulus sample can be written as a bilinear combination of the characters (5)
and must be invariant with respect to the modular
The V transformation represents increasing the flux through the sample N Φ = Φ/(h/e) by one unit and therefore the Hall current is realized as the Laughlin spectral flow 19 under V . Note that the V -invariance of the partition function (8) requires multiplying the characters (5) by the non-analytic factor of Cappelli-Zemba 19 (in front of the sum), while the filling factor is derived as the electric charge transferred between the edges under the spectral flow (9). The topological order, i.e., the number of topologically inequivalent charged excitations with absolute value of the electric charge less than one, of the MR state is TO MR = 6 according to Eq. (8).
The fusion rules, i.e., the rules for making composite quasiparticles are complex due to the non-abelian fusion rules in the Ising model and can be found in 7,11 . Here we point out one peculiar property of the MR state -the multi-electron wave functions, in the Ramond sector (with partition function χ 1,0 ) of the Ising model, do not have a definite chiral fermion parity as a result of the non-abelian fusion rule σ × σ ≃ 1 + ϕ, which mixes states with different parity. Therefore, the twisted sectors on the disk do not exist, as explained after Eq. (2.17) in 15 .
III. THE EXTENDED PFAFFIAN STATE
According to 11 , the Ising factor of the MR chiral algebra of the k = 2 parafermion FQH state is realized as a diagonal affine coset
(10) and the inequivalent quasiparticle excitations of the MR state can be labelled by the u(1) charge l = −3, . . . , 4 and the Ising model field Φ I ∈ {1, σ, ϕ}. The Z 2 superscript in Eq. (10) expresses a Z 2 selection rule (called a parity rule in 7, 11 ), which states that the tensor product : e
⊗ Φ I (z) of u (1) and Ising models excitations with the label (l, Φ I ) is an admissible excitation of the FQH fluid iff
The Z 2 number P in Eq. (11) is defined according to 11, 14 as (11) is the price one has to pay for splitting the neutral and charged degrees of freedom 7, 11 and expresses the absence of complete spin-charge separation in the MR state. However, Eq. (11) means that the Majorana fermion ϕ, which has P [ϕ] = 0, can be glued to the l = 0 u(1) exponent, i.e., to the identity. Therefore, the Majorana fermion exists as a free neutral excitation on the edge of the MR state. Moreover, it carries no flux and need not to be paired 14 . Note that ϕ has a CFT weight 1/2 and its correlation functions are single-valued. Therefore, we claim 14 that it should be added to the chiral observable algebra, leading to a Z 2 extension of the MR chiral algebra, which produces the EPf state. We stress that the EPf state is expected to be more stable than the MR 12,14 due to the extension of the chiral algebra. The electron operator in the EPf state is the same like that in the MR state, given by Eq. (1), and the ground state of the EPf model is still given by Eq. (2). Also, since the CFT dimension of the electron is still 3/2, like in the MR state, the tunnelling current-voltage relation remains the same, i.e., I ∼ V 3 (neglecting the lowest Landau level contribution 9 ). In addition to the neutral Majorana fermion, in the EPf state, there are anyons : e ±i √ 2φ(z) :, corresponding to l = ±4 in Eq. (11), also freely available at the edge since they can be glued to the identity in the Ising model. The stress energy tensor in the EPf state is the same like in the MR state, Eq. (3), since we only added the neutral Majorana fermion to the MR chiral algebra, which already contains this stress tensor and its central charge is c EPf = 3/2.
However, the charged excitations in the EPf state have a different structure. After the extension, all excitations should be local also with respect to the neutral Majorana fermion ϕ 14 and this leads to the so called "even-charge" restriction 14 . In the k = 2 case it simply means that the spin-field σ is no longer a legal excitation of the extended chiral algebra since it is not relatively local with respect to the Majorana fermion, i.e., their wave functions are not single valued in the coordinates of ϕ. In other words, we should treat ϕ on the same footing as the physical electron. Therefore, the lowest-charge admissible excitation of the EPf state appears to be not the MR quasihole (4) but 14 , however, for k = 2 the latter field coincides with the identity. Note also that Eq. (12) corresponds to the choice l = 2 in (11) and is another legitimate excitation of the EPf fluid. This means that all excitations of the EPf state, unlike those of the MR state, satisfy a (chiral) spin-charge separation, which is one of the well-known patterns of quantum numbers fractionalization in the FQH effect. This is natural since the electron itself splits into a "holon" and a "spinon", which then move independently on the edge. The quantum statistics of the EPf quasihole ψ (12), and is equal to (twice) its CFT dimension, i.e., θ = π/2. The electron (1), in the EPf fluid, decays into 2 quasiparticles plus one Majorana fermion. Indeed, the fusion of two quasiparticles e
2φ(w) reproduces the charged part of the electron, which is a boson, while the fermionic statistics is recovered by the Majorana fermion.
The chiral partition functions for the EPf state are expressed as sums of those of the MR state, see Eq. (23) in 14 , and the non-chiral partition function is their bilinear combination
We stress that the partition function (13) is invariant under T 2 , S ,U and V transformations (9), which is one more argument that the EPf state is an acceptable one 12, 19 . Note that the chiral fermion parity, defined as P/2 mod 2, is conserved in the EPf state, as explained in 14 , in contrast to the MR state. Moreover, it seems that the conservation of chiral fermion parity in the MR state is not consistent with the modular invariance.
All fusion rules for the EPf quasiparticles are abelian (recall that the Majorana fermion itself satisfies abelian fusion rules ϕ × ϕ = 1). Note that the abelian statistics of the quasiparticles does not contradict to the halfinteger central charge of the Virasoro algebra. The basic quasiparticles in both the EPf and the MR states satisfy the generalized charge-statistics relation found in 14 . The topological order of the EPf state is TO EPf = 2 after the extension, as seen from (13). According to the stability criteria S1-S3 in 12 , the EPf state is expected to be more stable than the MR state, resp. to have a bigger energy gap, due to the smaller topological order.
IV. PH TRANSFORMATION AND PH SYMMETRY
In this section we are going to demonstrate that the spectrum of edge excitations for the standard MR state is not PH symmetric, while that of the EPf state is. One could implement the PH transformation at the edge as charge conjugation, which changes the filling factor ν → −ν, followed by adding a completely filled ν = 1 Landau level, so that one gets ν → 1 − ν. The charge conjugation, changing the sign of the charge vector Q → −Q, is equivalent to changing ζ → −ζ in the chiral partition functions. The sector with periodic boundary conditions, i.e., without quasiholes, is usually PH symmetric. However, consider the chiral partition functions corresponding to the sector containing one quasihole. For the MR state, charge conjugation changes the one-quasihole sector to the one-quasiparticle one χ 1,0 (τ, ζ) → χ −1,0 (τ, ζ) due to the property of the K-functions (6) that K l (τ, −ζ; m) = K −l (τ, ζ; m) applied to χ 1,0 in Eq. (5). Thus, the electric charge spectrum, which is the set of numbers multiplying 2πiζ in the partition functions (5) and (6), before and after PH transformation in the MR state is resp.
Here, in principle, one has to multiply also by the chiral partition function K 0 (τ, ζ; 1) of the ν = 1 IQH state, however, this does not change the spectrum (14) since it is only shifted by integers, as seen from Eq. (6) for m = 1. The corresponding chiral partition functions, with one quasihole, for the EPf state, transform similarly under charge conjugation (see Eq. (13)) χ 2,0 → χ −2,0 (≡ χ 2,0 ), so that the edge spectrum of charges before and after charge conjugation is
In other words, the electric charge spectrum, in the presence of a quasihole, is shifted by the quasihole's charge, i.e., 1/4 in the MR state and 1/2 in the EPf state. Obviously the two spectra in Eq. (15) are identical, while those in (14) have no common element. Therefore, the edge spectrum of the electric charge, in the presence of edge quasiholes, for the standard MR state is not PH symmetric, while that of the EPf state certainly is, and the latter should be considered as the PH symmetrization of the former.
V. SPIN-CHARGE SEPARATION AND SPECIFIC HEAT
In order to be sure that we have not missed any excitation, during the extension from the MR state to the EPf, we are going to compute the specific heat contributions of all quasiparticles present in the EPf state. If they sum up to the central charge of the edge theory then we have missed nothing (the corresponding computation for the MR state can be found in 16 ). The spin-charge separation allows us to choose the following complete set of independent quasiparticle excitations for the EPf state ϕ(z), : e 
where L is the length of the edge and ρ 0 = ( v F ) −1 is the density of states per unit length 20 (v F is the edge states Fermi velocity). Integrating the anyon distributions n g for g = 1, 2 and 1/2 20 , we find γ ϕ = γ 1 = 
VI. PERSISTENT CURRENTS
Some information about the low-temperature behaviour of the FQH states can be extracted from their persistent currents 21 . The latter can be computed by
where Z is given by Eq. (8) or (13) for the MR or EPf states resp. (φ is flux, not to be confused with the chiral boson introduced before). Due to the invariance of Z under the V transformation (9) these currents should be periodic in φ with period of one flux unit. This is exactly the content of the Byers-Yang theorem 22 applied to FQH systems. The plots of the two currents for the EPf and the MR states at temperature T /T 0 = 0.22, where Note that the amplitude of the current I EPf is bigger than that of I MR and the latter decays faster than the former as temperature increases, which is another indication that the gap of the EPf state is bigger than that of the MR. We do not see any anomalous oscillations (characteristic for the BCS paired condensates) neither in the MR nor in the EPf states for non-zero temperatures lower than T /T 0 = 0.5, which seems to be at variance with the results reported in 21 .
VII. PHASE TRANSITION BETWEEN THE EPF AND MR STATES
Although continuous symmetries in (1+1) D cannot be spontaneously broken 23 , there could be a spontaneous breaking of some discrete symmetry at finite temperature T c > 0. We believe that there is a phase transition, at ν = 5/2, in which the Z 2 symmetry corresponding to charge conjugation is spontaneously broken. The high temperature "symmetric" phase (T > T c ) corresponds to the EPf state, which possesses a complete charge conjugation symmetry, while in the low temperature "ordered" phase (T < T c ), corresponding to the MR state, this symmetry is spontaneously broken as seen from the electric charge spectra (14) and (15) . This looks similar to the spontaneous magnetization in the 2D Ising model and the order parameter is related to the non-abelian quasihole (4) . As a result, the fermion parity is conserved in the EPf state, while in the MR state it is not. Note that the energy gap (ǫ EPf ≃ 110 mK, for the sample of 2 ) of the EPf state is bigger than that of the MR state. The latter quantity can be estimated, according to the gap ansatz in 14 , to be ǫ MR = (ǫ EPf + Γ)/2 − Γ ≃ 33 ± 15 mK for the sample of 2 , taking into account the conjecture 14 that the pure gap of the MR state is half that of the EPf state. The different gaps in both phases lead to a change of the slope (in the logarithmic plot) of the diagonal resistance The nature of this phase transition is not clear despite the extensive numerical work 4, 10 . We propose the following scenario. A second order transition between the EPf and the MR states, with spontaneous braking of the PH symmetry, cannot occur directly for two reasons -first, the specific heat in both phases is the same and second, incompressible Hall states with different topological orders support residual neutral gapless modes at the phase boundary, leading to a first order transition 24, 25 . However, there is a possibility for a two-step process involving an intermediate compressible state 24, 25 . In this case, the EPf state undergoes a first order phase transition to a composite fermions (CF) Fermi liquid, described in 10 , in which the PH symmetry is preserved, and then a second order phase transition to the MR state, in which the PH symmetry is broken. Note that, according to the numerical calculations 10 , the compressible CF state is PH symmetric and, at the same time, has the topological structure of the MR state, due to the fact that the values of the total momentum K are the same like in the MR state 10 . Because of the topological mismatch, the transition from the EPf to the CF state could only be a first order. However, due to the same topological structure of the CF and MR states the phase boundary between these phases do not support gapless neutral modes 24 , which opens the possibility of a second order transition, in which the charge conjugation is spontaneously broken. This scenario is in agreement with the numerical calculations 4,10 as well as with the activation experiment with ν = 5/2, see Fig. 3 in 2 , where a smeared "kink" was observed around T = 15 mK. A similar twostep phase transition has been proposed for the ν = 4/3 spin-singlet to spin-polarized phase transition through a non-Fermi liquid metallic state 25 .
VIII. ABELIAN VERSUS NON-ABELIAN STATISTICS
The phase transition discussed in the previous section is actually a transition between abelian and non-abelian FQH states. It seems that non-abelian statistics is preferred at low temperature, while at higher temperature the abelian states are more favorable. Perhaps, this is characteristic for all FQH plateaux for which abelian and non-abelian states are competing. For instance, at ν = 7/3 and 8/3 there exist (PH conjugated) k = 1 Laughlin states and k = 4 parafermion states, the latter being non-abelian. Probably, such phase transitions can explain as well the sharp kinks observed in the activated experiment for these plateaux 2 . Note that, e.g. for ν = 7/3, the phase transition between the hightemperature abelian phase (the Laughlin state) and the low-temperature non-abelian phase (the RR state) is of first order, again because of the different topological orders 24 and the fact that there is no symmetry, which can be spontaneously broken. This is confirmed by the sharp change of the slope of the diagonal resistance in the activation experiment 2 and is reminiscent of the first order phase transition between the spin-singlet and the spin-polarized states at ν = 2/3 24,25 .
IX. CONCLUSIONS
We found a new universality class, defined by the abelian EPf state, which have a complete charge conjugation symmetry and could be viewed as the PH symmetrization of the MR state. We believe that a two-step second order phase transition between the two states, involving an intermediate compressible state, is possible at finite temperature, in which the charge conjugation symmetry is spontaneously broken. In addition, there might be a phase transition at zero temperature to a BCS-type condensate but that universality class would be different from both the MR and the EPf states according to Fig. 1 , since the periodicity of the persistent current in the condensate is expected to be 1/2 of the flux unit. Probably, this is described by the strong pairing phase of 8, 10 . In order to reveal the nature of the phase transition new experiments are needed at temperatures around 15 mK. For example, measuring the quasiparticle charge by shot-noise, close to the transition, which is predicted to be 1/2 in the EPf and 1/4 in the MR states, as well as the persistent current's amplitude, may shed more light on the mysterious state at ν = 5/2.
